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ABSTRACT
We report the discovery of a planet-mass companion to the microlens OGLE-2016-BLG-0263L. Unlike
most low-mass companions that were detected through perturbations to the smooth and symmetric light curves
produced by the primary, the companion was discovered through the channel of a repeating event, in which the
companion itself produced its own single-mass light curve after the event produced by the primary had ended.
Thanks to the continuous coverage of the second peak by high-cadence surveys, the possibility of the repeating
nature due to source binarity is excluded with a 96% confidence level. The mass of the companion estimated
by a Bayesian analysis is Mp = 4.1+6.5−2.5 MJ. The projected primary-companion separation is a⊥ = 6.5
+1.3
−1.9 au. The
ratio of the separation to the snow-line distance of a⊥/asl ∼ 15.4 corresponds to the region beyond Neptune,
the outermost planet of the solar system. We discuss the importance of high-cadence surveys in expanding the
range of microlensing detections of low-mass companions and future space-based microlensing surveys.
Subject headings: gravitational lensing: micro – planetary systems – brown dwarfs
1. INTRODUCTION
A microlensing signal of a very low-mass companion such
as a planet is usually a brief perturbation to the smooth and
symmetric lensing light curve produced by the single mass of
the primary lens. Short durations of perturbations combined
23 The OGLE Collaboration.
24 The KMTNet Collaboration.
25 The MOA Collaboration.
with the non-repeating nature of lensing events imply that mi-
crolensing detections of low-mass companions require high-
cadence observations. During the first decade of microlensing
surveys when the survey cadence was not sufficiently high to
detect short companion signals, lensing experiments achieved
the required observational cadence by employing a strategy
in which lensing events were detected by wide-field surveys
and a fraction of these events were monitored using multiple
narrow-field telescopes (Gould & Loeb 1992; Udalski et al.
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2005; Beaulieu et al. 2006).
Thanks to the instrumental upgrade of existing surveys
and the addition of new surveys, the past decade has wit-
nessed a great increase of the observational cadence of lens-
ing surveys. By entering the fourth phase survey experi-
ment, the Optical Gravitational Lensing Experiment (OGLE)
group substantially increased the observational cadence by
broadening the field of view (FOV) of their camera from
0.4 deg2 to 1.4 deg2 (Udalski et al. 2015). In addition, the
Korea Microlensing Telescope Network (KMTNet) group
started a microlensing survey in 2015 using 3 globally dis-
tributed telescopes each of which is equipped with a cam-
era having 4 deg2 FOV (Kim et al. 2016). Furthermore,
the Microlensing Observation in Astrophysics (MOA) group
(Bond et al. 2001; Sumi et al. 2003) plans to add a new in-
frared telescope (T. Sumi 2017, private communication) into
the survey. With the elevated sampling rate, microlens-
ing surveys have become increasingly capable of detecting
short signals without the need of followup observations, e.g.
OGLE-2012-BLG-0406Lb (Poleski et al. 2014b), OGLE-
2015-BLG-0051/KMT-2015-BLG-0048Lb (Han et al. 2016),
OGLE-2016-BLG-0954Lb (Shin et al. 2016), and OGLE-
2016-BLG-0596Lb (Mróz et al. 2017).
One most important merit of high-cadence microlensing
surveys is the increased rate of detecting very low-mass com-
panions. Currently, more than 2000 lensing events are being
detected every season. Due to the limited resources, however,
only a handful events can be monitored by followup obser-
vations. In principle, followup observations can be started
at the early stage of anomalies, but implementing this strat-
egy in practice is challenging due to the difficulty in detect-
ing short anomalies in their early stages. On the other hand,
high-cadence surveys are capable of continuously and densely
sampling light curves of all microlensing events, and thus the
rate of detecting very low-mass companions is expected to be
greatly increased.
Another important advantage of high-cadence surveys is
that they open an additional channel of detecting very low-
mass companions. By definition, under the survey+followup
strategy, events can only be densely monitored by followup
observations once they have been alerted by surveys. Further-
more, followup resources are limited, so in practice those ob-
servations have been confined to those located in the narrow
region of separations from the host star, the so-called ‘lensing
zone’ (Gould & Loeb 1992; Griest & Safizadeh 1998). On
the other hand, high-cadence surveys enable to densely mon-
itor events not only during the lensing magnification but also
before and after the lensing magnification, and this allows
low-mass companions to be detected via the ‘repeating-event’
channel. The signal through the repeating-event channel is
produced by a companionwith a projected separation substan-
tially larger than the Einstein radius of the primary star and it
occurs when the source trajectory passes the effective magni-
fication regions of both the primary star and the companion
(Di Stefano & Scalzo 1999). Thus, the two lenses (primary
and companion) act essentially independently and appear to
give rise to two separate microlensing events with different
time scales (related by the square root of their mass ratio)
but the same source star. Therefore, the channel is impor-
tant because it expands the region of microlensing detections
of low-mass companions to larger separations. Under the
assumption of power-law distributions of host-planet separa-
tions, Han (2007) estimated that planets detectable by high-
FIG. 1.— Light curve of OGLE-2016-BLG-0263. The curve superposed on
the data points represents the best-fit binary-lens model. The arrow denotes
the time when the event was first discovered. The lower panel shows the
residual from the model.
cadence surveys through the repeating channel will comprise
∼ 3 – 4% of all planets.
In this paper, we report the discovery of a planet-mass bi-
nary companion through the repeating-event channel. In Sec-
tion 2 , we describe the survey observations that led to the dis-
covery of the companion. In Section 3, we explain the proce-
dure of analyzing the observed lensing light curve and present
the physical parameters of the lens system. We discuss the
importance of the repeating-event channel in Section 4.
2. OBSERVATION AND DATA
The low-mass binary companion was discovered from the
observation of the microlensing event OGLE-2016-BLG-
0263. In Figure 1, we present the light curve of the event.
The event occurred on a star located toward the Galac-
tic bulge field with equatorial coordinates (RA,DEC)J2000 =
(17◦59′34′′.9,−31h49m07s.0) that are equivalent to the Galac-
tic coordinates (l,b) = (−0◦.95,−4◦.06). The lensing-induced
brightening of the source star was identified on 2016 March 1
(HJD′ = HJD−2450000 = 7448.7) by the Early Warning Sys-
tem of the OGLE survey (Udalski et al. 1994; Udalski 2003)
using the 1.3m Warsaw telescope at the Las Campanas Ob-
servatory in Chile. Observations by the OGLE survey were
conducted with a ∼ 1 day cadence, and most images were
taken in the standard Cousins I band with occasional obser-
vations in the Johnson V band for color measurement. After
being identified, the event followed a standard point-source
point-lens (PSPL) light curve, peaked at HJD′ ∼ 7470, and
gradually returned to the baseline magnitude of I ∼ 16.9.
However, after returning to baseline, the source began to
brighten again. The anomaly was noticed on 2016 May 30
(HJD ∼ 7538) and announced to the microlensing commu-
nity for possible followup observations although no followup
observation was conducted. The anomaly, which continued
about 10 days, appears to be an independent PSPL event with
a short time scale. The time between the first and second
peaks of the light curve is ∼ 73 days.
The event was also in the footprint of the KMTNet and
MOA surveys. The survey utilizes three globally distributed
1.6m telescopes that are located at the Cerro Tololo Interamer-
ican Observatory in Chile (KMTC), the South African Astro-
nomical Observatory in South Africa (KMTS), and the Siding
Spring Observatory in Australia (KMTA). Similar to OGLE
observations, most of the KMTNet data were acquired using
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TABLE 1
ERROR BAR CORRECTION
FACTORS
Data set k σmin
OGLE 1.452 0.001
MOA 1.212 0.001
KMT (CTIO) 1.204 0.001
KMT (SAAO) 1.806 0.001
KMT (SSO) 1.300 0.001
the standard Cousins I-band filter with occasionalV -band ob-
servations. The event was in the BLG34 field for which obser-
vations were carried out with a ∼ 2.5 hr cadence. The MOA
survey uses the 1.6 m telescope located at the Mt. John Uni-
versity Observatory in New Zealand. Data were acquired in
a customized R band filter with a bandwidth corresponding to
the sum of the Cousin R and I bands. The event was inde-
pendently found by the MOA survey and was dubbed MOA-
2016-BLG-075.
Photometry of the images was conducted using pipelines
based on the Difference Imaging Analysis method
(Alard & Lupton 1998; Woz´niak 2000) and customized
by the individual groups: Udalski (2003) for the OGLE,
Albrow et al. (2009) for the KMTNet, and (Bond et al. 2001)
for the MOA groups. In order to analyze the data sets
acquired by different instruments and reduced by different
photometry pipelines, we readjust error bars of the individ-
ual data sets. Following the usual procedure described in
Yee et al. (2012), we normalize the error bars by
σ = k(σ20 +σ
2
min)
1/2, (1)
where σ0 is the error bar estimated from the photometry
pipeline, σmin is a term used to adjust error bars to be con-
sistent with the scatter of the data set, and k is a normaliza-
tion factor used to make the χ2 per degree of freedom unity.
The χ2 value is computed based on the best-fit solution of
the lensing parameters obtained from modeling (Section 3).
In Table 1, we list the error-bar adjustment factors for the
individual data sets. We note that the OGLE data used in
our analysis were rereduced for optimal photometry and error
bars were estimated according to the prescription described
in Skowron et al. (2016), although one still needs a non-unity
(k 6= 1) scaling factor to make χ2/dof = 1.
3. ANALYSIS
The light curve of OGLE-2016-BLG-0263 is character-
ized by two peaks in which the short second one occurred
well after the first one. The light curve of such a repeat-
ing event can be produced in two cases. The first case is
a binary-source event in which the double peaks are pro-
duced when the lens passes close to both components of
the source separately, one after another (Griest & Hu 1992;
Sazhin & Cherepashchuk 1994; Han & Gould 1997). The
other case is a binary-lens event where the source approaches
both components of a widely separated binary lens, and the
source flux is successively magnified by the individual lens
components (Di Stefano & Mao 1996). The degeneracy be-
tween binary-source and binary-lens perturbations was first
discussed by Gaudi (1998). In order to investigate the nature
of the second peak, we test both the binary-source and binary-
lens interpretations.
3.1. Binary-Source Interpretation
FIG. 2.— Enlarged view of the light curve around the second peak. Super-
posed on the data points are the model light curves obtained from binary-lens
(solid) and binary-source (dotted) analysis. The lower panels show the resid-
ual from the individual models.
The light curve of a repeating binary-source event is repre-
sented by the superposition of the PSPL light curves involved
with the individual source stars, i.e.
ABS =
A1F0,1 + A2F0,2
F0,1 + F0,2
=
A1 + A2qF
1+ qF
. (2)
Here F0,i represents the baseline fluxes of the individual
source components and qF =F0,2/F0,1 is the flux ratio between
the source components. The lensing magnification involved
with each source component is represented by
Ai =
u2i +2
ui(u2i +4)
1/2
; ui =
[
u20,i +
(
t − t0,i
tE
)2]1/2
, (3)
where t0,i is the time of the closest lens-source approach, u0,i
is the lens-source separation at that moment, and tE is the Ein-
stein time scale. For the basic description of the light curve
of a binary-source event, therefore, one needs 6 lensing pa-
rameters including t0,1, t0,2, u0,1, u0,2, tE, and qF (Hwang et al.
2013). The light curve is then modeled as
Fj(tk) = Fs, jABS(tk;t0,1,u0,1, t0,2,u0,2, tE,qF ),+Fb, j, (4)
where the (Fs, j,Fb, j) are specified separately for each observa-
tory but there is a single qF for all observatories using a single
band (e.g., I band).
We model the observed light curve based on the binary-
source parameters. Since the light curve of a binary-source
event varies smoothly with the changes of the lensing param-
eters, we search for the best-fit parameters byχ2 minimization
using a downhill approach. For the downhill approach, we use
the Markov Chain Monte Carlo (MCMC) method. We set the
initial values of t0,1 and t0,2 based on the times of the first and
second peaks, respectively, while the initial values of u0,1 and
u0,2 are determined based on the peak magnifications of the
individual peaks. Since both PSPL curves of the individual
peaks share a common time scale4, we set the initial value of
tE as the one estimated based on the PSPL fitting of the light
4 In the Appendix, we discuss the possibility of different time scales due
to the orbital motion of the source.
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TABLE 2
BEST-FIT BINARY-SOURCE
SOLUTION
Parameter Value
χ
2 2598.8
t0,1 (HJD) 2457470.441 ± 0.028
t0,2 (HJD) 2457543.426 ± 0.028
u0,1 0.646 ± 0.032
u0,2 0.095 ± 0.004
tE (days) 15.33 ± 0.50
qF,I 0.037 ± 0.002
qF,R 0.036 ± 0.002
Fs/Fb 2.452/0.219
curve with the first peak. The initial value of the flux ratio qF
is guessed based on the values of u0,i.
In Table 2, we present the parameters of the best-fit binary-
source solution. Also presented is the ratio of the source flux
Fs to that of the blend Fb that are estimated from the OGLE
data set. The uncertainties of the lensing parameters are es-
timated based on the scatter of points on the MCMC chain.
According to the solution, the second peak was produced by
the lens approaching very close to the second source which is
approximately 30 times fainter than the primary source star.
In Figure 2, we also present the model light curve (dotted
curve) superposed on the observed data points. At first glance,
the model appears to describe the overall shape of the second
peak. However, careful inspection of the model light curve
and the residual reveals that the fit is inadequate not only in
the rising and falling parts but also near the peak part of the
light curve.
We check whether the fit can be further improved with
higher-order effects. The trajectory of the lens with respect
to the source might deviate from rectilinear due to the or-
bital motion of the Earth around the sun. We check this so-
called ‘microlens-parallax’ effect (Gould 1992) by conduct-
ing additional modeling. Accounting for microlens-parallax
effects requires to include 2 additional parameters of πE,N and
πE,E , which represent the components of the microlens par-
allax vector piE projected onto the sky along the north and
east equatorial coordinates, respectively. The direction of piE
corresponds to that of the relative lens-source motion in the
Earth’s frame. The magnitude of piE is πE = πrel/θE, where
πrel = au(D−1S − D
−1
L ) is the relative lens-source parallax and DL
and DS represent the distances to the lens and source, respec-
tively. From the modeling with parallax effects, we find that
the improvement of the fit is very minor with ∆χ2 ∼ 4.4.
3.2. Binary-Lens Interpretation
Unlike the case of a binary-source event, the light curve of
a binary-lens event cannot be described by the superposition
of the two light curves involved with the individual lens com-
ponents because the lens binarity induces a region of discon-
tinuous lensing magnifications, i.e. caustics. As a result, the
lensing parameters needed to describe a binary-lens event is
different from those of a binary-source event. Basic descrip-
tion of a binary-lens event requires 7 principal parameters.
The first three of these parameters, t0, u0, and tE, are the same
as those of a single-lens event. The other three parameters
describe the binary lens including the projected separation s
(normalized to θE) and the mass ratio q between the binary
components, and the angle between the source trajectory and
the binary axis, α. Light curves produced by binary lenses
are often identified by characteristic spike features that are
FIG. 3.— Lens system geometry that shows the source trajectory (line with
an arrow) with respect to the binary-lens components (blue dots). M1 and
M2 denote the heavier and lower-mass components of the binary lens. The
dotted circles represent the boundary of effective lensing magnification and
the size of each circle corresponds to the Einstein radius corresponding to
the mass of each lens component. The tiny close curves at the centers of the
dotted circles represent the caustics. The inset shows the enlarged view of the
caustic located close to M2 .
produced by the source crossings over or approaches close
to caustics. In this case, the caustic-involved parts of the
light curve are affected by finite-source effects. To account
for finite-source effects, one needs an additional parameter
ρ = θ∗/θE, where θ∗ is the angular source radius. For OGLE-
2016-BLG-0263, however, the light curve does not show any
feature involved with a caustic and thus we do not include ρ
as a parameter.
Binary lenses form caustics of 3 topologies
(Schneider & Weiss 1986; Erdl & Schneider 1993), which
are usually referred to as ‘close’, ‘resonant’, and ‘wide’. For
a ‘resonant’ binary, where the projected binary separation
is equivalent to the angular Einstein radius, i.e. s ∼ 1, the
caustics form a single big closed curve with 6 cusps. For
a ‘close’ binary with s < 1 − 3q1/2/4 (Dominik 1999), the
caustic consists of two parts, where one four-cusp caustic is
located around the barycenter of the binary lens and two small
three-cusp caustics are positioned away from the barycenter.
For a ‘wide’ topology with s > 1+ 3q1/2/2 (Dominik 1999),
there exist two four-cusp caustics which are located close to
the individual lens components.
A repeating binary-lens event is produced by a wide bi-
nary lens, and the individual peaks of the repeating event oc-
cur when the source approaches the four-cusp caustics of the
wide binary lens. The caustic has an offset of∆x∼ q/s(1+ q)
with respect to each lens position toward the other lens com-
ponent (Di Stefano & Mao 1996; An & Han 2002). In the
very wide binary regime with s ≫ 1, each of the two caus-
tics is approximated by the tiny astroidal Chang-Refsdal caus-
tic with an external shear γ = q/[s2(1+ q)] (Chang & Refsdal
1984) and the offset ∆x → 0, implying that the position of
the caustic approaches that of the lens components. In this
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TABLE 3
BEST-FIT BINARY-LENS SOLUTION
Parameter (+,+) solution (+,-) solution
χ
2 2438.2 2446.0
t0 (HJD) 2457470.433 ± 0.036 2457470.432 ± 0.036
u0 0.581 ± 0.027 0.599 ± 0.031
tE (days) 16.24 ± 0.45 15.92 ± 0.51
s 4.72 ± 0.12 4.86 ± 0.15
q (10−2) 3.06 ± 0.08 2.97 ± 0.09
α (radian) 0.095 ± 0.002 0.163 ± 0.003
Fs/Fb 2.419/0.254 2.543/0.131
regime, the light curves involved with the individual binary-
lens components are described by two separate PSPL curves,
and the light curve of the repeating event is approximated
by the superposition of the two PSPL curves, i.e. Fobs(t) =
FS[A1(t) + A2(t)] + Fb, where Fobs is the observed flux and A1
and A2 represent the lensing magnifications involved with the
individual lens components. To be noted is that the time scales
of the two PSPL curves of a repeating event are proportional
to the square root of the masses of the lens components, i.e.
tE,2/tE,1 = (m2/m1)1/2 = q1/2, while the time scales of the two
PSPL curves of a repeating binary-source event are the same
because both PSPL curves are produced by a common lens.
To test the binary-lens interpretation, we conduct binary-
lens modeling of the observed light curve. Similar to the
binary-source case, we set the initial values of the lensing
parameters based on the time of the major peak for t0, the
peak magnification of the major event for u0, the duration
of the major event for tE, the ratio of the time gap between
the two peaks to the event time scale for s ∼ ∆t/tE, the ra-
tio between the time scales of the first and second events for
q ∼ (tE,2/tE,1)2, and α ∼ 0 for a repeating binary-lens event.
Based on these initial values, we search for a binary-lens so-
lution using the MCMC downhill approach. To double check
the result, we conduct a grid search for a solution in the pa-
rameter space of (s,q,α). From this, we confirm that the solu-
tion found based on the initial values of the lensing parameters
converges to the solution found by the grid search.
Although the binary-lensingmodel does not suffer from the
degeneracy in the s and q parameters, it is found that there
exists a degeneracy in the source trajectory angle α. This de-
generacy occurs because a pair of solutions with source tra-
jectories passing the lens components on the same, (+,+) so-
lution, and the opposite, (+,-) solution, sides with respect to
the binary axis result in similar light curves. See Figure 3.
For OGLE-2016-BLG-0263, we find that the (+,+) solution is
slightly preferred over the (+,-) solution by∆χ2 = 7.8.
In Table 3, we present the best-fit binary-lens parameters
along with the χ2 value of the fit. Since the degeneracy be-
tween (+,+) and (+,-) solutions is quite severe, we present both
solutions. Because the difference between the source trajec-
tory angles of the two solutions is small, it is found that the
lensing parameters of the two solutions are similar to each
other. Two factors to be noted are first the binary separation,
s ∼ 4.7, is substantially greater than the Einstein radius and
second the mass ratio between the lens components, q∼ 0.03,
is quite small. We present the model light curve of the best-
fit binary-lens solution, i.e. (+,+) solution, in Figure 1 for the
whole event and in Figure 2 for the second peak.
In Figure 3, we present the lens system geometry that shows
the source trajectory (line with an arrow) with respect to the
lens components (marked by blue dots). The upper and lower
FIG. 4.— Cumulative distribution of ∆χ2 = χ2BS − χ
2
BL, where χ
2
BS and
χ
2
BL represent the χ
2 values of the binary-source and binary-lens models,
respectively.
panels are for the (+,+) and (+,-) solutions, respectively. The
tiny red cuspy closed curves near the individual lens com-
ponents represent the caustics. We note that all lengths are
scaled to the angular Einstein radius corresponding to the to-
tal mass of the binary lens. The two dotted circles around the
individual caustics represent the Einstein rings corresponding
to the masses of the individual binary-lens components with
radii r1 = [1/(1+q)]1/2 and r2 = [q/(1+q)]1/2. From the geom-
etry, one finds that the source trajectory approached both lens
components and the two peaks in the lensing light curve were
produced at the moments when the source approached the
caustics near the individual lens components. In the regime
with a small mass ratio, q≪ 1, the caustics located close to the
higher and lower-mass lens components are often referred to
as ‘central’ and ‘planetary’ caustics, respectively. The small
central caustic is located very close to the higher-mass lens
component and its size as measured by the width along the bi-
nary axis is ∼ 4q/(s − s−1)2 ∼ 0.006 (Chung et al. 2005). The
comparatively larger planetary caustic is located on the side
of the lower-mass lens component with a separation from the
heavier lens component of ∼ s − 1/s ∼ 4.6. The size of the
planetary caustic is related to the separation and mass ratio of
the binary lens by ∼ 4q1/2/[s(s2 − 1)1/2] ∼ 0.03 (Han 2006).
Since the distance to each caustic from the source trajectory
is much greater than the caustic size, the light curve involved
with each lens component appears as a PSPL curves.
3.3. Comparison of Models
Knowing that both binary-source (BS) and binary-lens (BL)
interpretations can explain the repeating nature of the lens-
ing light curve, we compare the two models in order to find
the correct interpretation of the event. For this, we construct
the cumulative distribution of χ2 difference between the two
models.
Figure 4 shows the constructed ∆χ2 distribution where
∆χ2 = χ2BS −χ
2
BL. The distribution shows that the binary-lens
interpretation better describes the observed light curve than
the binary-source interpretation does. The biggest ∆χ2 oc-
curs during the second peak. This can be seen also in Figure 2,
where the residuals from both models around the second
peaks are presented. The total χ2 difference is ∆χ2 ∼ 160.
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FIG. 5.— V -band data from the MOA and KMTNet surveys.
To show the statistical significance of the difference between
the two models, we conduct a F-test for the residuals from
the models in the region around the second peak. From this,
we find F = 1.78. This corresponds to a ∼ 96% probability
that the two models have different variances, suggesting that
the models can be distinguished with a significant confidence
level.
We note that the unambiguous discrimination between the
two interpretations was possible due to the continuous cov-
erage of the second peak using the globally distributed tele-
scopes. One may note large gaps in the observations from
Chile (7537 < HJD′ < 7546) and Australia (7540< HJD′ <
7551), which were both due to bad weather. Nevertheless, the
anomaly was continuously covered by the KMTS and MOA
data, enabling accurate interpretation of the event.
Another way to discriminate the binary-source/binary-lens
interpretations is to use color information. This is possible
because the color measured during the two peaks would be
different for the binary-source interpretation while the colors
should be the same for the binary-lens interpretation. Ac-
cording to the small flux ratio presented in Table 2, the stel-
lar types of the source stars would be greatly different. If a
binary-source interpretation is correct, then, the source stars
should have significantly different colors. The second peak
was observed in V band by the MOA and KMTNet surveys.
In Figure 5, we present the V -band data plotted over the I
and R-band data, showing that the second peak was covered
in V band with 6 and 2 points by the MOA and KMTNet sur-
veys, respectively. In the binary-source modeling, we intro-
duce two flux ratios qF,I and qF,R to check the possibility of
measuring the color difference between the source stars, i.e.
∆(R − I) = (R − I)1 − (R − I)2 = 2.5log(qF,I/qF,R). We note that
the R-band flux ratio is measured based on the MOA data.
From this, we find qF,I = 0.037±0.02 and qF,R = 0.036±0.02,
indicating no color change within the error bar. This suggests
the inconsistency in the binary-source interpretation and fur-
ther supports the binary-lens interpretation.
3.4. Source Star
Characterizing the source star of a lensing event is impor-
tant for caustic-crossing binary-lens events because the an-
gular source radius θ∗ combined with the normalized source
radius ρ enables one to determine the angular Einstein radius,
i.e. θE = θ∗/ρ. Although one cannot determine θE for OGLE-
2016-BLG-0263 because the source did not cross caustics and
thus the light curve is not affected by finite-source effects, we
FIG. 6.— Position of the source star with respect to the centroid of giant
clump in the instrumental color-magnitude diagram of stars in the neighbor-
ing region around the source.
characterize the source star for the sake of completeness.
The source star is characterized based on its de-reddened
color (V − I)0 and brightness I0. We determine (V − I)0 and
I0 of the source star using the usual method of Yoo et al.
(2004), where the instrumental color and brightness of the
source are calibrated using the position of the giant clump
(GC) centroid, for which the de-reddened color and brightness
(V − I, I)0,GC = (1.06,14.63) (Bensby et al. 2011; Nataf et al.
2013) are known.
Figure 6 shows the position of the source star with respect to
the GC centroid in the instrumental color-magnitude diagram
of stars in the 205”×205” image stamp centered at the source
position. The locations of the source and GC centroid are
(V − I) = (−0.07,15.89) and (V − I)GC = (0.07,14.70), respec-
tively. From the offsets in color∆(V − I) = (V − I)− (V − I)GC =
−0.14 and magnitude ∆I = I − IGC = 1.19, we estimate that
the re-reddened color and magnitude of the source star are
(V − I, I)0 = (0.99,15.82). This indicates that the source is a
K-type giant star.
3.5. Physical Parameters
For the unique determination of the massM and distanceDL
to the lens, one needs to measure both the microlens parallax
πE and the angular Einstein radius θE that are related to M and
DL by
M =
θE
κπE
; DL =
au
πEθE +πS
, (5)
where κ ≡ 4G/(c2 au) ≃ 8.144 mas M−1⊙ and πS denotes the
source parallax. For OGLE-2016-BLG-0263, none of these
quantities is measured and thus the physical parameters can-
not be uniquely determined. However, one can still statis-
tically constrain the physical lens parameters based on the
measured event time scale tE that is related to the physical
parameters by
tE =
(κMπrel)1/2
µ
; πrel = au
(
1
DL
−
1
DS
)
, (6)
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FIG. 7.— Distributions of the lens mass (upper panel) and the distance
to the lens (lower panel) estimated by Bayesian analysis. The solid vertical
line in each panel denotes the median value and the region surrounded by the
dotted lines represents 1σ (68%) range of the distribution.
TABLE 4
PHYSICAL PARAMETERS
Parameter Value
Mass of the primary (M1) 0.13+0.21−0.08 M⊙
Mass of the companion (M2) 4.1+6.5−2.5 MJ
Distance to the lens (DL) 6.5+1.3−1.9 kpc
Projected separation (a⊥) 5.4+1.1−1.6 au
where µ represents the relative lens-source proper motion.
In order to estimate the mass and distance to the lens, we
conduct a Bayesian analysis of the event based on the mea-
sured event time scale combined with the mass function of
lens objects and the models of the physical and dynamical
distributions of objects in the Galaxy. We use the initial mass
function of Chabrier (2003a) for the mass function of Galac-
tic bulge objects, while we use the present day mass function
of Chabrier (2003b) for disk object. We note that the adopted
mass functions extend to substellar objects down to 0.01 M⊙.
For the matter density distribution, we adopt the Galactic
model of Han & Gould (2003), where the matter density dis-
tribution is constructed based on a double-exponential disk
and a triaxial bulge. The velocity distribution is constructed
based on the Han & Gould (1995) model, where the disk ve-
locity distribution is assumed to be Gaussian about the rota-
tion velocity of the disk and the bulge velocity distribution is
modeled to be a triaxial Gaussian with velocity components
deduced from the flattening of the bulge via the tensor virial
theorem. Based on the models, we generate a large number of
artificial events by conducting a Monte Carlo simulation. We
then estimate the ranges of M and DL corresponding to the
measured event time scale.
FIG. 8.— Plot of planet-star separation s vs. the mass ratio q of 48 previ-
ously discovered microlensing planets. The filled dots represent planets for
which the lens parameters are uniquely determined, while the empty circles
represent planets with close/wide degeneracy. For the planets suffering from
the degeneracy, we mark two points with s and s−1. The red-filled dot denotes
OGLE-2016-BLG-0263Lb reported in this work.
In Figure 7, we present the probability distributions of the
lens mass (upper panel) and distance to the lens (lower panel)
obtained from the Bayesian analysis. In Table 4, we also
present the estimated masses of the individual lens compo-
nents, M1 and M2, the distance to the lens, DL, and the pro-
jected separation between the lens component, a⊥. We choose
the median values of the distributions as representative values
and the uncertainties of the physical parameters are estimated
based on the upper and lower boundaries within which 68%
(1σ) of the distribution is encompassed.
The estimated mass of the primary lens is M1 =
0.13+0.21
−0.08 M⊙. The central value corresponds to a low-mass M
dwarf, which is the most common lens population. The mass
of the companion is M2 = 4.1+6.5−2.5 MJ. The upper limit, i.e.
∼ 10.6 MJ, is below the deuterium-burning limit of ∼ 13 MJ,
indicating that the companion is likely to be a planet. The pro-
jected separation between the lens components is a⊥ = 5.4+1.1−1.6
au. Under the assumption that the snow line, which separates
regions of rocky planet formation from regions of icy planet
formation, scales with the mass of a star (Kennedy & Kenyon
2008), the snow line of the host star is asl = 2.7 au(M/M⊙)∼
0.35 au, where 2.7 au is the snow line in the Solar System
(Abe et al. 2000; Rivkin et al. 2002). If the companion is a
planet, then the ratio of the M1 – M2 separation to the snow-
line distance of the planetary system is a⊥/asl ∼ 15.4. This
ratio corresponds to the region beyondNeptune, the outermost
planet of the solar system.
4. DISCUSSION
The discovery of OGLE-2016-BLG-0263LB demonstrates
that high-cadence surveys can provide an additional chan-
nel of detecting very low-mass companions through repeat-
ing events. The scientific importance of the repeating-event
channel is that the range of planets and BDs detectable by
microlensing is expanded.
The usefulness of the repeating-event channel is illustrated
in Figure 8, where we plot the position of OGLE-2016-BLG-
0263LB among the 48 previously discovered microlensing
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TABLE 5
BINARY-SOURCE SOLUTION WITH
TWO TIMESCALES
Parameter Value
t0,1 (HJD) 2457470.465 ± 0.040
t0,2 (HJD) 2457543.474 ± 0.040
u0,1 0.608 ± 0.049
u0,2 0.394 ± 0.049
tE,1 (days) 15.81 ± 0.82
tE,2 (days) 5.05 ± 0.53
qF 0.225 ± 0.026
Fs/Fb 3.098/-0.424
planets in the q-s parameter space. In the plot, filled cir-
cles represent planets for which the lensing parameters are
unambiguous determined. On the other hand, empty circles
represent planets for which the solutions suffer from degen-
eracy, mostly by the well-known close/wide degeneracy be-
tween the solutions with s and s−1 (Griest & Safizadeh 1998).
In this case, we mark both solutions. From the locations of
planets, it is found that most planets are concentrated in the
region around s = 1.0 (Mróz et al. 2017) because they were
detected from the anomalies that occurred during the lensing
magnification by their host stars. By contrast, OGLE-2016-
BLG-0263LB is located in the unpopulated region of wide
separations. It has the largest separation after OGLE-2008-
BLG-092LAb, which had a projected separation from its host
of s ∼ 5.3 (Poleski et al. 2014a). We note that OGLE-2008-
BLG-092LAb was also detected through the repeating-event
channel.
The repeating-event channel is also important in future
space-based microlensing surveys, such as WFIRST, from
which many free-floating planet candidates are expected to
be detected. Microlensing events produced by free-floating
planets appear as short time-scale events. However, bound
planets with large separations from their host stars can also
produce similar signals, masquerading as free-floating plan-
ets (Han et al. 2005). High-cadence ground-based surveys
are important because they enable to distinguish some bound
planets from free-floating planets through the repeating-event
channel. Due to the time-window limit set by the orbits of
satellites, space-based lensing observations will not observe
the bulge field continuously. For example, the WFIRST sur-
vey is planned to be conducted for ∼ 70 days each season.
With the data obtained from space observations, then, it will
be difficult to sort out short time-scale events produced by
bound planets through the repeating-event channel. On the
other hand, ground-based surveys continue for much longer
periods,∼ 8 months in average, and thus they can provide an
important channel to filter out bound planets from the sample
of free-floating planet candidates.
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APPENDIX
In the usual investigation of binary-source solutions for which the two components are well-separated, these two components
are treated as having fixed separation. Hence, in this approximation, the two well-separated events are treated as having a single
Einstein time scale tE. Indeed, this is one of the principal characteristics used to distinguish binary-source and binary-lensmodels:
if the time scales differ, this implies a binary lens with mass ratio q = (tE,2/tE,1)2.
Nevertheless, at some level, the two components must be moving, so that the Einstein time scales cannot be strictly equal. Here
we quantify what level of difference is plausible. Of course it is known that binary orbital motion can give rise to significant
light curve variations (Han & Gould 1997) and these can in principle be quite complicated. However, here we are working in the
wide-separation limit and so will take a perturbative approach, defined by
ǫ≡
∆tE
tE
; ∆tE ≡ tE,2 − tE,1. (1)
Since the components are well-separated,∆tE is sensitive only to motion along the direction of projected separation
∆vs,‖ = Ds(µs,2,‖ −µs,1,‖) = Ds
(
θE
tE,2
−
θE
tE,1
)
≃ −
DsθE∆tE
t2E
. (2)
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The projected physical separation between the components is
a⊥ = Dsµrel∆t0 = DsθE
∆t0
tE
; ∆t0 ≡ t0,2 − t0,1 (3)
Then, for the system to be bound, v2
s,‖ < GMs/a⊥, where Ms is the total mass of the source (typically Ms ∼ 2M⊙ for two sources
visible in the bulge, although this may not hold if one of these repeating events is extremely highly magnified). This can be
expressed
1>
a⊥v
2
s,‖
GMs
=
(
DsθE
tE
)3
∆t0
GMs
ǫ2, (4)
i.e.,
θE
mas
<
tE
Ds(AU/kpc)
(
GMs
ǫ2∆t0
)1/3
=
tE/yr
Ds/kpc
(
4π2Ms/M⊙
ǫ2∆t0/yr
)1/3
. (5)
We now apply this formalism to the case of OGLE-2016-BLG-0263. We first search for binary-source solutions as in Section
3.1, but with the additional degree of freedom tE→ (tE,1, tE,2). The results in Table 5 show that this model comes close to matching
the binary-lens model in terms of χ2, but at the cost of a radical divergence of Einstein time scales: (tE,1, tE,2) = (15.8,5.0)days.
We note that, in addition, the blending is negative, Fb = −0.42, which corresponds to an I = 19 “anti-star”, which would require a
“divot” in the stellar background of this amplitude. Negative blending might be caused either by an incorrect model or fluctuation
of data for a small Fb case. Due to the latter possibility, negative blending at this level cannot be excluded.
To apply the formalism, we first note that the flux of the secondary indicates that it is an upper main sequence star, so that
indeed the masses of the two sources are Ms,1 ≃Ms,2 ≃ 1M⊙. We then adopt tE = (tE,1tE,2)1/2 = 8.9days, so that ǫ = 1.17, which
is outside the “perturbative regime”. Nevertheless, if one carries through the non-perturbative calculation, the final result hardly
differs. We obtain
θE < 0.02mas; µ < 0.8masyr
−1.
The limit on µ would already make the lens quite unusual, though hardly unprecedented. However, the low value of θE is more
constraining. For example, for typical bulge lenses with DS − DL = 1kpc, this would imply a lens mass ML < 0.003M⊙, and for
disk lenses, ML would be even lower. The combination of somewhat low proper motion and very low Einstein radius would make
this a very remarkable lens.
Moreover, we note that we have been extraordinarily conservative in putting “1” on the r.h.s of Equation (4). Because we
are viewing only one component of motion and very few systems would be seen either face-on or near local escape velocity,
we could have chosen a typical value “1/8”, rather than a strict upper limit. Thus a more typical source geometry would yield
θE ∼ 0.01mas, which would imply ML < 0.0007M⊙,
We conclude that while the data can be well matched to a binary-source with large internal motion, this requires an improbably
small Einstein radius. Hence, in this case such solutions are highly disfavored.
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